of genes for FHB resistance and low DON accumula- (Table 1) , 35 with partial reMuch of the reduced grain quality was due to the accusistance to FHB (B. Steffenson, personal communication, 1996; Prom et al., 1996) , were used in this study. Susceptible checks mulation of the mycotoxin DON produced by the patho- (Schwarz et al., 1995 ). Grain protein concentration was determined on a dry matter basis by assigned to experimental units using a randomized complete block design (RCBD) with two replicates. The experimental near infrared reflectance measurement using a Tecator Infratec 1226 grain analyzer (Perstorp Analytycal Inc., Silver Spring, units consisted of three 3.38-m rows of barley spaced 0.83 m apart. To obtain a valid estimate of the agronomic potential MD) and expressed in milligrams per kilogram (mg kg Ϫ1 ). Kernel plumpness was determined according to the method speof these germplasm lines under disease-free conditions, they were protected against FHB infection and other foliar diseases cified by the American Society of Brewing Chemists (ASBC, 1992) . Kernels retained on a sieve with 0.2 by 1.9 cm slotted openwith foliar applications of the fungicide benomyl (0.5 kg a.i. ha Ϫ1 ), beginning one week after heading and once a week for ings were considered plump. Kernel brightness was determined using a modification of the ASBC standard method, Barley-9 three consecutive weeks. The applications were done with a tractor-mounted sprayer using water at 159 L ha Ϫ1 at 207 kPa (ASBC, 1992) , using the L-value obtained from a Pacific Scientific XL-800 series Gardner colorimeter with XL-845 circumand a ground speed of 5.6 km h Ϫ1 .
Morphological and agronomic data were collected throughferential sensor (Perstorp Analytical Inc., Silver Spring, MD). out the growing season. Days to heading were recorded as the number of days after 31 May when 50% of the spikes were
Fusarium Head Blight and Deoxynivalenol Evaluations
fully emerged from the boot. Between maturity and harvest, data on plant height (stem plus spike-excluding awns), lodg-
The 40 barley germplasm lines also were grown in FHBepidemic nurseries at Fargo and Langdon in 1997 and at Fargo, ing (1 ϭ no lodging, 9 ϭ severe lodging), and spike row type (vrs1vrs1Int-cInt-c ϭ sessile six-rowed, Vrs1Vrs1int-cint-c ϭ Langdon, and Osnabrock in 1998. The soil types at each location are the same as previously described. Experimental units normal two-rowed, and Vrs1Vrs1Int-cInt-c ϭ hybrid two-rowed) were recorded.
consisted of one 1-m row. Germplasm lines were assigned to experimental units using a RCBD, and two replicates of each At maturity, plots were harvested using a plot combine. Grain samples were dried in a forced dryer to approximately line were included at each location. Germplasm lines were inoculated four times with F. graminearum, beginning one week 100 g kg Ϫ1 moisture, de-awned, and cleaned. Yield of clean before heading, and once a week for four consecutive weeks
Malt Quality Evaluations
using the grain-spawn method described by Urrea et al. (2002) .
In the experiments performed at Fargo in 1998 and OsnaDisease ratings were recorded at the soft dough stage (Zabrock in 2000, grain samples were collected from each experidoks 85) of development. Fifteen spikes within each row were mental unit for malting in the Barley Quality Laboratory in the harvested at random, and the number of infected kernels per Department of Plant Sciences, North Dakota State University. spike was counted. The percentage of FHB severity was calcuSamples were malted using the methods described in Karalated by dividing the total number of infected kernels by the baba et al. (1993) . Data collected for each malt sample were total of kernels and multiplying by 100. Deoxynivalenol conmoisture (g kg Ϫ1 ), diastatic power (DP) ( o ASBC), ␣-amylase tent (g g Ϫ1 ) was determined using the methodology described activity (20ЊC DU), wort viscosity (cP), wort protein (g kg Ϫ1 ), by Schwarz et al. (1995) . The threshold for DON detection fine-and coarse-grind extract (g kg Ϫ1 ), and malt ␤-glucan by the method we used was 0.5 g g
Ϫ1
.
content (g kg
). Moisture content was determined by heating 10-g samples of ground malt in a semi-automatic Brabender Foliar Disease Evaluations moisture tester (Karababa et al., 1993) (Pyler, 1981) . Fine-and coarse-malt extract were determined dew pathogen (Blumeria graminis DC. f. sp. hordei É m. Marusing a modification of ASBC Malt Method 4 (ASBC, 1992). chal) were determined. Three to five seeds of each germplasm
In the modification, 20 g of malt was used rather than the 50 g line were sown in 3.8 by 21 cm Ray Leach Conetainers (Stuewe & described in the official method. Malt ␤-glucan content was Sons, Corvallis, OR) with #1 Sunshine mix (3:1 peat moss/perlite) determined according to the enzymatic method of McCleary (Sun Gro, Bellevue, WA). Osmocote (14-14-14) (Scotts, Marysand Nurthen (1986) . ville, OH) was added to each cone at a rate of 1 g cone Ϫ1 . Additional water-soluble fertilizer was added as needed. Initial
Statistical Analyses
growing conditions in the greenhouse were 22 Ϯ 2ЊC with supplemental lighting (430-W Agrosun bulbs, Hydrofarm Inc., Combined analyses of variance across environments were Petaluma, CA) for 14 h day Ϫ1 . After inoculation with the redone using the PROC GLM procedure of SAS (Cary, NC) for spective pathogen at the first leaf stage for wheat stem rust the agronomic, FHB severity, DON accumulation, and malt and leaf rust and the second leaf stage for spot and net blotch, quality data. In the combined analyses, environments were plants were placed in inoculation chambers at 20ЊC with a considered a random effect and germplasm lines a fixed effect. relative humidity near 100% and 16 h in the dark. Afterward, Thus, the environment ϫ germplasm line mean square was chamber doors were opened, and plants were allowed to dry used as the denominator of the F-test for the germplasm line for 4 h. Then, plants were returned to the greenhouse at 23 Ϯ source of variation, and the experimental error was used as the 2ЊC and 16-h photoperiod. For powdery mildew, plants were denominator of the F-test for the environment ϫ germplasm inoculated at the first leaf stage and returned back to the greenline source of variation. F-tests were considered significant at house as previously described. P Յ 0.05. Mean separation was done using an F-protected A 0.7 mL rust suspension (3.5 mg urediniospores and 0.65 mL LSD at P Յ 0.05. lightweight mineral oil) of P. graminis f. sp. tritici (pathotypes Pgt-MCC and Pgt-QCC) or P. hordei (race 8) was applied using a rust inoculator pressurized by an air pump (20 kPa). Inocula
RESULTS AND DISCUSSION of P. teres (isolate NB89-19) and C. sativus (isolate SB85F)
The 35 germplasm lines with partial FHB resistance were applied to plants using an atomizer pressurized (Model evaluated in this study represent all the germplasm lines 15, DeVilbiss Inc., Somerset, PA) by an air pump set at 60 kPa. available to the barley improvement projects at North One milliliter of the conidial suspension (5-8 conidia mL kernels. Upon further investigation, the significance of Infection types of wheat stem rust (Miller and Lambert, 1955) this interaction was due to differences in magnitude beand leaf rust (Levine and Cherewick, 1952) were scored using tween means from the different environments and not a 0 to 4 rating scale, where a rating of 0 to 2 was indicative due to a "true" interaction. Hence, all discussion for the of low compatibility and 3 to 4 of high compatibility. Infection traits evaluated is based on means averaged across enviresponse caused by net blotch was scored using a 1 to 9 rating ronments.
scale, where a rating of 1 to 4 was indicative of low compatiBased on the analysis of FHB severity and DON data bility, 5 was an intermediate compatibility, and 6 to 9 was in-(data not presented), 22 of the 35 germplasm lines predicative of high compatibility (Tekaus, 1985) . Infection response viously reported to have FHB resistance had disease caused by spot blotch was evaluated using a 1 to 9 rating scale, severities that were unacceptable for breeding purposes. mental lines F102-61, F103-53, F101-78, and F103-105 plants, and plants that lodge are more likely to have greater levels of FHB and other foliar diseases. The partially realso were deemed susceptible to FHB. The partial resistant six-rowed germplasm lines judged susceptible were sistant germplasm lines lodged more than Conlon and Logan (Table 2 ). There was no difference in resistance to Glenn, Hazen, and ND15967. To address the objectives of this study, discussions are limited to comparisons of lodging between Conlon and Logan. The lower FHB severity in the lodged resistant germplasm lines shows the two-rowed barley germplasm lines with partial FHBresistance to Conlon and Logan, and six-rowed barley importance of having genetic resistance. Conlon and Logan yielded significantly greater than all partially FHBgermplasm lines with partial FHB-resistance to Morex, Stander, and Foster. resistant germplasm lines (Table 2) . Test weight of these germplasm lines was generally less than that of Conlon and Logan. Only Imperial and PI161970 had test weight
Two-rowed Barley Comparisons
similar to those of the checks. The two-rowed barley germplasm lines Xiao Shan Er All FHB-resistant two-rowed germplasm lines were Leng Da Mai, Zhedar 1, Dai Shan Er Leng Da Mai, susceptible to leaf rust, and most were susceptible to wheat Messidor, CIho 4196, Svanhals, Xiao Shan Ci Mang Er stem rust, net blotch, spot blotch, and powdery mildew Leng Da Mai, Zhedar 2, Kyoto Nakate, CIho 7595, and (Table 3) . Messidor was resistant to pathotype Pgt-MCC Imperial were partially resistant to FHB (Table 2) . Some of wheat stem rust and CIho 7595 was resistant to net of these germplasm lines actually are reselections from blotch, spot blotch, and powdery mildew. resistant germplasm lines. For example, Kyoto Nakate None of the partially FHB-resistant two-rowed germand Messidor are selections from Svanhals (Table 1) .
plasm lines had acceptable malt quality for the traits meaKyoto Nakate originates from Japan and Messidor from sured (Table 4 ). In general, kernel plumpness, grain proFrance. FHB severity of this group of germplasm lines tein concentration, and malt extract were the traits most ranged from 4.8 to 9.6%, and DON concentration severely impacted in the resistant germplasm lines. These ranged from 2.3 to 6.0 g g Ϫ1 (Table 2 ). The FHB severigermplasm lines had adequate levels of wort protein, ties and DON concentrations of the germplasm lines diastatic power, and ␣-amylase activity within this class were not significantly different, but they were significantly lower than the North Dakota cultivars
Six-rowed Barley Comparisons
Logan and Conlon. Logan and Conlon had FHB severities and DON concentrations of 24.9% and 12.8 g g
Ϫ1
Six-rowed barley germplasm lines CIho 16128 and Chevron were partially resistant to FHB (Table 5) . CIho and 27.1% and 8.0 g g Ϫ1 , respectively. Days to heading of the partially resistant germplasm 16128 is a Chevron-derived germplasm line developed in the United States, and Chevron originates from Switlines on average were 8.4 and 11.9 d later than Logan and Conlon, respectively ( Table 2 ). The significantly later zerland (Table 1) . FHB severity of the two partially resistant germplasm lines ranged from 9.1 to 12.5%, and maturity of the partially resistant germplasm lines as compared to the checks would be undesirable to growno DON was detected. Foster, Morex, and Stander had FHB severities and DON concentrations of 34.6% and ers. Growers prefer the relatively early maturity of barley because it allows them to harvest it before their other 32.2 g g
, 39.9% and 32.2 g g Ϫ1 , and 41.1% and 28.9 g g Ϫ1 , respectively (Table 5 ). The FHB severities and DON crops are mature. CIho 7595 was similar in height to Logan and taller than Conlon. The remaining partially resistant concentrations of the two partially resistant germplasm lines were not significantly different, and they had less germplasm lines were all taller than Logan and Conlon (Table 2) . Short plants often resist lodging better than tall FHB than Foster, Morex, and Stander. of kernel plumpness, malt extract, and ␣-amylase activity; ¶ Pathotype Pgt-QCC.
excessive grain protein; and adequate levels of wort protein and diastatic power (Table 7) . All partially FHB-resistant six-rowed barley germplasm lines headed later and were taller than the six-
Choice of Parents to Use for Introducing Fusarium
rowed checks (Table 5 ). On average, the partially resis-
Head Blight Resistance
tant germplasm lines headed 6.1 d later and were 15.3 cm taller than the susceptible checks. Chevron and CIho Until we know if the partially resistant germplasm lines 16128 were more susceptible to lodging and yielded less have different genes for FHB resistance, it would be diffithan the susceptible checks; however, test weight of the cult to recommend one germplasm line over another as a partially resistant germplasm lines and susceptible checks source of FHB resistance because of the deficiencies they was similar.
have in agronomic traits, malt quality, and foliar disease All partially FHB-resistant six-rowed germplasm lines resistance. Learning more about the genetics of FHB resiswere susceptible to leaf rust, pathotype Pgt-QCC of wheat tance in each of the partially resistant germplasm lines stem rust, spot blotch, net blotch, and powdery mildew would take many years; however, a more timely method (Table 6 ). Chevron and CIho 16128 were resistant to wheat of determining if the germplasm lines may have similar stem rust pathotype Pgt-MCC. None of the partially FHB-FHB-resistance genes would be to determine via molecular markers the genetic diversity between the lines. The Table 4 . Malt quality of selected two-rowed barley germplasm
